Purpose To examine the effect of a sequential fatigue protocol on lower extremity biomechanics during a crossover cutting task in female soccer players. Methods Eighteen female collegiate soccer players alternated between a fatigue protocol and two consecutive unanticipated crossover trials until fatigue was reached. Lower extremity biomechanics were evaluated during the crossover using a 3D motion capture system and two force plates. Repeated-measures ANOVAs analysed differences between three sequential stages of fatigue (pre, 50, 100 %) for each dependent variable (a = 0.05). Results Knee flexion angles at initial contact (IC) for pre (-32 ± 9°) and 50 % (-29 ± 11°) were significantly higher than at 100 % fatigue (-22 ± 9°) (p \ 0.001 and p = 0.015, respectively). Knee adduction angles at IC for pre (9 ± 5°) and 50 % (8 ± 4°) were significantly higher (p = 0.006 and p = 0.049, respectively) than at 100 % fatigue (6 ± 4°). Conclusions Fatigue altered sagittal and frontal knee kinematics after 50 % fatigue whereupon participants had diminished knee control at initial contact. Interventions should attempt to reduce the negative effects of fatigue on lower extremity biomechanics by promoting appropriate frontal plane alignment and increased knee flexion during fatigue status. Level of evidence III.
Introduction
The incidence of non-contact anterior cruciate ligament (ACL) injuries among female athletes remains stable despite resolute efforts to reduce the incidence of injuries to the lower extremity [1, 2] . In collegiate soccer, females experience an almost threefold greater ACL tear rate than their male counterparts (0.32 vs. 0.12, respectively) [2, 31] . The immediate and long-term implications of an ACL injury include functional restrictions, related pain 10-20 years subsequent to diagnosis, and high prevalence of radiographic osteoarthritis (OA), with little evidence to suggest a reduction in OA incidence following surgical ACL reconstruction [14, 20, 21, 24, 29] . Although the specific mechanisms of ACL injuries remain unclear, several risk factors pertaining to neuromuscular, biomechanical, hormonal and structural domains have been explored [34] . One potential risk factor, neuromuscular fatigue, has been recently evaluated to determine the nature and the extent of its role in ACL injury risk [23, 27, 28] .
Fatigue negatively affects lower extremity biomechanics during the execution of athletic manoeuvres [6, 23, 27, 28] . It potentially contributes to increased ACL strain by decreasing hip and knee flexion angles and increasing knee valgus and peak knee anterior shear forces during various movements, including single-leg landings and stop-jump tasks [6, 19] . Fatigue also affects dynamic muscle control during a variety of athletic tasks [6, 30] . Peripheral and central fatigue mechanisms together impact lower limb movement patterns leading to potentially high ACL injury risk situations [6, 16, 28] . Due to the fact that soccer players encounter long bouts of high-intensity activity, the effect of fatigue on lower extremity injury risk is vastly important.
Neuromuscular fatigue alone diminishes dynamic control of the lower extremities; the addition of decisionmaking when the athlete is concurrently fatigued presents an additional challenge [10, 18] . Fatigue combined with decision-making often leads to high-risk neuromuscular strategies potentially increasing an athlete's susceptibility to ACL injury [5] . Fatigue-induced biomechanical changes have been shown to be greater during unanticipated landings than anticipated landings [5, 28] . Unanticipated landings have been reported to result in significant increases in hip internal rotation at initial contact and knee abduction angles at peak stance [5, 28] . The combination of central fatigue and decision-making causes significant biomechanical modifications, which remain unclear relative to ACL injury risk and warrant further exploration [5, 28] .
Overall, fatigue may negatively impact lower extremity biomechanics and dynamic control. Thus, when prescribing rehabilitation programs for athletes who have had surgery post knee injury, it may be essential for clinicians to not only increase their athletes' time to fatigue but also teach their athletes to focus on maintaining lower extremity movement mechanics during fatigue. Previous studies have evaluated the effects of fatigue on various athletic tasks and observed potentially detrimental movement patterns that could result in injury [5, 6, 19, 23, 27, 28] . However, few studies have assessed the point at which fatigue impacts biomechanical movement patterns [5, 28] . An even smaller number of studies have utilized a soccer-specific sequential fatiguing protocol to evaluate the effect of fatigue combined with decision-making on a manoeuvre that is specific to soccer, the sidestep cutting task [23] . Other soccerspecific movements such as the crossover task have not been studied using this methodology. While it has been suggested that fatigue alters lower extremity biomechanics potentially placing athletes at higher risk, most studies have been conducted within a highly control environment. There is a need to further understanding how fatigue exacerbates lower extremity biomechanics during an unanticipated situation that replicates a soccer situation that is similar to the participants' activity.
Therefore, the aim of this study was to examine the effect of a sequential fatigue protocol combined with an unanticipated task on the lower extremity biomechanics of a crossover task (CO) in collegiate female soccer players. Our hypothesis was that fatigue would have a progressively detrimental effect on lower extremity biomechanics suggesting an increased risk, e.g., ACL injury. Specifically, it was hypothesized that fatigue would lead to decreases in knee flexion angles and increases in knee abduction angles at initial ground contact during the late stages of fatigue (50-100 %).
Materials and methods
A convenience sample of eighteen NCAA Division 1 female soccer players (age = 19 ± 0.9 years; height = 166 ± 5 cm; mass = 62 ± 5 kg) volunteered to participate in this study. All of the athletes who were enrolled in the study were free of lower extremity injuries. Prior to data collection, all participants understood the procedures and provided written informed consent and the Institutional Review Board of Old Dominion University (#07-074) approved the experimental protocol.
Experimental procedures
The participants were instructed to wear team running shoes (Adidas Supernova, AG, Herzogenaurach, Germany), as well as a sports bra and spandex shorts. Anthropometric data (i.e., height, mass, skinfolds) were obtained prior to biomechanical testing. The dominant leg was determined as the leg that the participant would use to kick a soccer ball for maximal distance [23] . Participants were allotted a warm-up time (10 min) consisting of cycling and self-guided stretching. Subsequently, the VERTEC (Sports Import, Hilliard, OH) device was utilized to determine each participant's maximum vertical jump [6] .
The experimental protocol required the participants to repeatedly perform four unanticipated tasks (two running stop and two crossover) immediately followed by a fatiguing protocol until complete fatigue was reached. Lower extremity three-dimensional joint kinematic and ground reaction force (GRF) data were recorded during the execution of the unanticipated tasks. For the purpose of this study, only the crossover task was kept for analysis with the running stop being discarded prior to analysis, since the running stop was only included to create the unanticipation/decision-making factor.
The crossover task consisted of a running approach, step with the dominant foot on the force plate, and a crossover step with the non-dominant foot to the ipsilateral side at a 45°angle. Prior to data collection, the participants were given three practice trials, or until they felt comfortable with the task. On average, participants performed four trials to become acquainted with the task. During testing, if the participant failed to fully contact the force plate or did not execute the task at a minimum speed of 3.5 m/s, the trial was discarded and repeated. As well, trials were discarded and repeated if the participant surpassed the maximum speed of 5.0 m/s. The maximum speed was set to ensure that the participant was reacting to the visual cue received and not performing a pre-planned movement, as a speed greater than 5.0 m/s would not allow time for the participant to perform such a reaction [33] . The speed of the participant was determined by two telemetered Brower timing systems (Brower, Draper UT, USA), set one metre prior to, and directly at, the front edge of the force plates.
The unanticipated factor was controlled by a photoelectric gate that was placed 2 m before the force plates. When the participant crossed the light beam, a software program was activated to randomly project a soccer scenario onto a screen in front of the participant [8] . The participant was told to react to the soccer scenario with the appropriate athletic task (running stop or crossover).
Functional agility short-term fatigue protocol (FAST-FP)
Immediately after completing four successful unanticipated tasks, the participant performed the functional agility shortterm fatigue protocol consisting of three counter-movement jumps at 90 % of their maximum vertical jump, three parallel squats to 90°of knee flexion, a 5-10-5 agility drill and step-ups on a 30-cm box for 20 s, at a rate of 200 beats per minute as determined by a metronome [23, 27] (Fig. 1) . After completing the fatigue protocol, the participant returned to attempting four successful unanticipated tasks (Fig. 2) . The participant continued to alternate between the four unanticipated tasks and the fatiguing protocol until maximum fatigue was reached. Fatigue was determined by: a) failure to attain all three vertical jumps at 90 % of their maximum vertical jump for two consecutive fatigue sets and/or b) a heart rate plateau that was within 90 % of the participant's estimated heart rate maximum (the plateau had to occur over three consecutive fatigue sets) [13] . The participant's heart rate was continuously monitored using a Polar system (Model FS2C, Polar Electro, Lake Success NY, USA). Prior to statistical analyses, the crossover tasks were normalized to a percentage of fatigue. The first set of crossover tasks was considered pre-fatigue (e.g., 0 %); the last set when maximum fatigue was achieved was considered 100 % fatigue. The data point of 50 % fatigue was calculated as the median trial as previously reported [6] .
Biomechanical analysis
Forty reflective markers were placed on specific body landmarks; ten of the forty were calibration markers and were removed prior to the fatigue protocol [23] . Pelvic tracking markers were secured with surgical glue, and thigh and shank cluster markers were secured with pre-wrap and Powerflex tape. Cluster plates with five markers were attached to the participants' shoes with athletic tape [23] . The same researcher placed the markers on all subjects. Based on data from our laboratory, we have shown good to excellent reliability in marker placement (ICC = 0.620-0.889) [7] . Eight high-speed motion analysis cameras (Vicon, Oxford, England) sampling at 300 Hz were used to acquire trajectory data, while two force plates (Bertec, Columbus, OH, USA) sampling at 1,200 Hz obtained GRFs. From the standing trial, a kinematic model (pelvis, thigh, shank and foot) was created for each participant using Visual 3D software (C-Motion, Germantown, MD, USA) with a least-squares optimization [22] . The kinematic model was used to quantify the motion at the hip, knee and ankle joints with rotations being expressed relative to the standing trial. A standing trial with circular motion about the pelvis was used to calculate functional hip joint centres [3, 32] . A fourth-order Butterworth zero-lag filter with 7 and 25 Hz cut-off frequency was used to filter trajectory data and GRF data, respectively [36] . An inverse dynamic method, using segment inertial characteristics estimated for each participant, was employed to the kinematic and GRF data to calculate threedimensional forces and moments [12, 35] . Joint moments were defined as internal moments and were expressed to the respective joint coordinate system (e.g., a knee internal extension moment will resist an external flexion load applied to the knee). All data were normalized to 100 % of stance, with initial contact being the point when vertical ground reaction force exceeded 10 N and ended with toeoff.
Statistical analyses
Our sample size was estimated in accordance with previous research examining the effects of fatigue on lower extremity biomechanics and to achieve 80 % statistical power with an alpha level of 0.05 [5, 6, 23, 28] . The independent variable was fatigue at three levels (pre-fatigue, 50 and 100 % fatigue). Separate repeated-measures analysis of variance (ANOVA) determined whether there was a difference between levels of fatigue for each dependent variable. When significance was noted, paired t tests, with a Bonferroni adjustment, were utilized to determine where the significance occurred between levels of fatigue. The dependent variables included hip and knee flexion and abduction angles and moments, measured at initial contact and peak stance [27] . Peak stance represents the maxima or minima, dependent upon the rotational direction of the angle or moment, occurring between 0 and 50 % of the stance phase [27] . All data were reduced using Visual 3D and a custom-made MATLAB program (MathWorks, Natick MA, USA). Statistical procedures were conducted in SPSS 16.0 (IBM, Chicago, IL). Alpha level was set a priori at 0.05.
Results
Significant differences in knee flexion and knee abduction angles were observed throughout the fatiguing protocol ( Table 1 ). The sequential fatigue protocol significantly decreased the knee flexion and adduction angles at initial contact during the crossover task from 50 to 100 % of fatigue. Specifically, knee flexion angle at initial contact for pre-fatigue and 50 % fatigue were significantly higher than at 100 % fatigue (p \ 0.001 and p = 0.015, respectively). Similarly, knee adduction angle at initial contact for pre-fatigue and 50 % fatigue were significantly higher than at 100 % (p = 0.006 and p = 0.049, respectively). The fatiguing protocol altered lower extremity kinematics primarily in the sagittal and frontal knee angles.
No significant differences between fatigue levels were observed for the other kinematic and kinetic variables: hip flexion angle at initial contact, hip abduction angle at initial contact, hip flexion angle at peak stance, knee flexion angle at peak stance, hip adduction moment at initial contact, and knee adduction moment at initial contact (n.s.). Further, there was no statistically significant difference between pre-fatigue and 50 % fatigue for frontal and sagittal plane knee angles, with most of the kinematic change observed after 50 % fatigue (Fig. 3a, b) .
Discussion
The most important finding of the present study was that fatigue, paired with an unanticipated factor, significantly altered lower extremity kinematics of an athletic task, potentially placing the participant at a higher risk of injury. The results are in agreement with previous studies that have shown a significant effect of fatigue and decision-making on lower extremity kinematics during athletic tasks [5, 6, 28] . The results partially supported the hypothesis that fatigue combined with decision-making would alter lower extremity biomechanics during the crossover task. There were significant kinematic changes over time for two variables, sagittal plane knee angle at initial contact and frontal plane knee angle at initial contact; however, there was no change in the other dependent variables. While no significant changes occurred between 0 and 50 % fatigue, a disparity was noticeable from 50 to 100 % fatigue, a pattern that is consistent with previous work [28] . The effects of neuromuscular fatigue on kinematics have been evaluated for a variety of movements including single-leg jump landings, sidestep cutting, and stop-jump tasks [5, 6, 23, 28] . However, we believe the present study is the first to specifically examine collegiate soccer players during the performance of the crossover manoeuvre, a task that is frequently executed in soccer. It is possible that the specific biomechanical demands of the crossover task, as well as the characteristics of the fatigue protocol we used in this study, the pre-and post-fatigue kinematic changes we observed are considerably different from previous findings [5, 6, 28] . A fatigue protocol consisting of repetitive double-leg squats and single-leg jump landing tasks resulted in increases in initial contact hip extension, hip internal rotation, peak stance knee abduction, peak stance knee internal rotation and ankle supination angles during the single-leg jump landing task [5] . Likewise, Chappell et al. [6] observed increased valgus moments during a biomechanical evaluation of three different stop-jump landing tasks. It is unclear whether the discrepancy between the above-mentioned studies and our study is primarily associated with the tasks evaluated the fatigue protocol or a combination of the two factors. However, it should be noted that in our previous research, we found that biomechanical demands are task specific [9] .
The results of the present study demonstrated that a combination of fatigue and decision-making while conducting a running crossover task had a significant and detrimental effect on the knee flexion angle at initial contact. Landing in an extended knee position has been reported to increase the proximal anterior tibial shear forces, thus placing considerable strain on the ACL [25, 26, 37] . Fatigue combined with decision-making resulted in a 10°decrease in knee flexion at initial contact from prefatigue to 100 % fatigue. The post-fatigue value is within the potentially hazardous range of 10°-30°of knee flexion at initial contact, which is the range at which the quadriceps muscle has been shown to exert its maximum anterior shear force [4, 15] . Even though the knee angle at 100 % Table 1 Means ± SDs of the dependent variables at different fatigue levels (pre-fatigue, 50 % fatigue and 100 % fatigue) at initial contact and peak stance during a crossover task IC initial contact, PS peak stance, n.s. not significant * p \ 05, ** p \ 0.001 Fig. 3 a, b Knee flexion and abduction angles at initial contact presenting a significant change from pre-and 50 % to 100 % fatigue fatigue (-22 ± 9°) may seem less favourable than the prefatigue value (-32 ± 9°), both values are considered atrisk. This at-risk position may be directly related with typical female landing patterns where it is suggested that females have decreased knee flexion angles than males during landing [11] . While high-risk strategies may occur before an athlete is fatigued, we concluded that fatigue was only detrimental to knee kinematics in the later stages (post-and 50 % fatigue). It was hypothesized that the aberrant kinematics between 50 and 100 % fatigue may have been a result of the athlete's inability to control knee angles while coping with neuromuscular fatigue and decisionmaking. This effect was greater and more unfavourable for the sagittal plane knee angle than the frontal plane knee angle. The frontal plane knee angle decreased from pre-fatigue to 100 % fatigue indicating movement towards increased valgus knee motion, which has been shown to predict subsequent increased ACL injury risk [17] . Although a statistically significant difference, the knee angle during the crossover task remained positive, indicating a varus position at maximum fatigue. Because of the varus knee angle, the risk of injury is theorized to be minor. Overall, the pattern of fatigue in the present study supported previous findings, which evaluated the effect of a fatiguing protocol on single-leg landings [28] . Fatigue had a unique effect on lower extremity biomechanics that appears to be task dependent; however, the changes occurred during the same fatigue phase, suggesting that significant biomechanical decline may not be noticeable until the athlete is sufficiently fatigued. Therefore, it may be beneficial to evaluate athletes for injury risk factors, while they are adequately fatigued in order to expose additional biomechanical deficiencies that may be harmful to the ACL.
Limitations to the study should be carefully considered. The athletes were presented with a simulated soccer scenario, yet they did not have to interact with or avoid actual players. Further, the laboratory setting prevented the presence of variable terrain (grass, turf, holes, slippery surfaces), which could increase injury risk in a real-life scenario. The pattern of fatigue may also have been different in this study when compared to a soccer match. In our laboratory-controlled environment, the participants' fatigue level increased until maximum fatigue was determined without rest periods. However, a soccer match contains brief moments of rest and recovery followed by sudden surges of maximal effort. We also only assessed three time points throughout the fatigue process (pre, 50 and 100 %), and further division into smaller periods (e.g., 0, 25, 50, 75, 100 %) may yield additional information. Lastly, our population was highly trained and our results may not be transferable to general sporting population.
The findings of this study support the notion that fatigue combined with decision-making presents a unique neuromuscular challenge to the athlete. In addition, the biomechanical changes that occur during the later phases (50-100 %) of a fatiguing protocol appear to be task specific. The information provided by this study suggests that pre-season movement screenings should occur before, during and after fatiguing events with the aim of identifying additional risk factors that may not be visible prefatigue and become visible post-fatigue. This information could be valuable to identify those athletes that are able to cope with fatigue and those who may require additional intervention training. Coaches and sports medicine professionals should understand that the effect of fatigue on lower extremity biomechanics may be task specific. Therefore, future studies should evaluate the unique effects of fatigue on injury risk during various soccer manoeuvres. Intervention programs should also be employed, while the athlete is fatigued using unanticipated factors such as perturbation or reactive exercises to potentially improve lower extremity kinematics.
Conclusion
This study was conducted to determine the effects of fatigue on an unanticipated crossover task at three instants (pre-, 50 and 100 % fatigue). A detrimental effect on lower extremity biomechanics was noted for knee sagittal and frontal kinematics from 50 to 100 % fatigue. Any other biomechanical variable was not significantly affected by fatigue.
